Introduction 81
The study of trace fossils is of major significance to the wider field of palaeontology. Tracks, traces 82 and footprints can offer us insights that are unlikely, or even impossible, to preserve in the 83 osteological fossil record. Information about trackmaker anatomy, behaviour, motions, and ecology 84 is tied up in the three-dimensional morphology that we ultimately call a track ( For the vast majority of time since Edward Hitchcock formalised ichnology as a science (Hitchcock 94 1836), communication has been almost exclusively limited to printed papers and books. This 2D 95 medium restricted the recording of tracks to sketches and lithographs, and later with the rise of the 96 camera, photographs. Most ichnological literature, perhaps until only a few years ago, continued to 97 rely solely on photos and drawings. Workers have thus spent the majority of their time reporting 98 linear measurements in the horizontal plane; e.g. length, width, and interdigital angle (IDA, or digit 99 divarication) (Leonardi 1987) , occasionally supplementing such metrics with a single measure of 100 depth. 101
But all tracks consist of a three-dimensional topographic surface. Whether preserved as a 'negative' 102 depression or as a 'positive' relief feature, this 3D characteristic is fundamental to the existence of a 103 track. In more complex scenarios, where laminations in the sediment are preserved, this 3D 104 morphology is volumetric, extending above and below the foot-sediment interface as overprints and 105 undertracks, respectively (Marty et al. 2016; Avanzini 1998; Milàn and Bromley 2006; Thulborn 106 1990; Manning 2004) . 107
The importance of that third dimension in the scientific study of tracks cannot be understated. In the 108 simplest scenario, we might consider a track to be a perfect mould of the foot that made it. In such a 109 scenario, the topography within the track is a direct record of the soft-tissue anatomy of the 110 trackmaker, and can provide information regarding the size and distribution of under-foot pads, 111 claws, or other features of the autopodium. However, this mould-based perspective is not always 112 applicable, and such a mindset may ultimately be detrimental to our understanding of ichnological 113 data (Gatesy and Falkingham 2017) . 114
Generally, the foot-sediment interaction is more complex than a simple vertical 'stamp', involving 115 forces varying in magnitude and direction throughout the stance phase. This dynamic force will 116 differentially deform the substrate, leaving deeper or shallower areas within a track (Thulborn 1990 ). 117
Any horizontal (anterior/posterior or lateral/medial) motions of the foot may act upon the sediment 118 in such a way as to produce uneven raised rims around the track itself, or extensive zones of 119 disturbed sediment around and below the actual track, which, when encountered in different states 120 of erosion, can make it very hard to identify the boundaries of the true track (Graversen, et al. 2007; 121 Milàn and Loope 2007) . 122
Even if we were to have no interest in trackmaker kinematics, and were instead focused on 123 trackmaker identity, diversity, or distribution, even basic measurements such as length and width 124 are fundamentally altered depending on how they are measured and defined on that 3D surface 125 (Falkingham 2016 Unfortunately, given this importance, adequately conveying 3D form in a two-dimensional medium 131 is (or at least, has been) a non-trivial task. However, in recent years we have seen a considerably rise 132 in the availability, affordability, and ease of use of digitization techniques including laser scanning 133 and photogrammetry. This has been coupled with advances in web-based technology facilitating the 134 acquisition, processing, archiving, and sharing of large volumes of complex digital data. As these 135 technologies mature, it is important that we as a field set down guidelines to ensure standardization 136 of techniques and data. 137
In this paper, we propose a standard protocol for the collection and dissemination of 3D track data 138 with the hope of achieving two specific aims: First, that such data is accurately recorded; we shall 139 briefly discuss means of doing so later. Second, that the data is put into a communicable form that 140 allows others to a) reproduce the work (a fundamental tenet of science), and b) build upon it (thus 141 advancing scientific knowledge). While our focus is primarily on tracks and trackways, the principles 142 we shall discuss will be equally applicable to most other forms of trace fossil. 143
Current Practice

144
Before discussing the methods that we recommend for capturing, recording, storing and 145 disseminating 3D data, it is worth reviewing current and historical practice in the field. 146
As previously noted, since the early 1800's the standard in documenting tracks was to produce a 147 drawing or photograph, usually in top-down view (that is, normal to the tracking surface Acknowledging this subjectivity in track outlines is nothing new, and workers have always been 169 attempting to mitigate or remove it where possible. Placing transparent plastic over a track and 170 tracing outlines directly onto it offers some level of reproducibility, though even here there is an 171 element of subjectivity between workers. Photographs also provide a level of objectivity, and many 172 workers have adopted a process of publishing a photo beside their drawing, essentially presenting 173 data and interpretation beside each other. Best practice in such cases involves the photograph being 174 taken in low-angle light, usually from the upper left (the direction of which is noted on the photo or 175 in the figure caption), which casts strong shadows and portrays topography more clearly, though this 176
is not always possible -particularly with specimens in the field. Still, the fundamental fact remains 177 that even in this case, 3D morphology is not being adequately recorded or communicated. 178
The goal of data collection is to record the morphology in full; objectively, repeatably, and to as high 179 a degree of accuracy and precision as is feasible. 
Summary: 230
• Collect 3D data of any traces that will be core to the conclusions of the study. 231
• These data should be of a high resolution, such that other researchers can replicate and 232 build upon the original findings. 233
• Data is method agnostic -i.e. it does not matter if data is captured through 234 photogrammetry, laser scanning, or other means, providing the resolution/accuracy is high 235 enough that conclusions are replicable and other workers can find value in the data. File 236 format issues will be discussed in 'Data Archiving' below. 237
• As much data should be collected as We provide an example following this protocol in Figure 2 It may not always be ideal to apply the height map as a linear scale. In cases where tracks have large, 275 broad features at depth, but detail at the top (e.g. shallow displacement rims around a deep track), 276 or vice versa (subtle changes in depth at the base of a track), it may be more appropriate to apply a 277 logarithmic (or exponential) scale to highlight the features of interest to readers. Doing so requires 278 explicitly stating that this is the case in the figure caption, and ensuring that a labelled colour scale is 279 present as part of the figure. 280
Video and embedded 3D 281
Some publishing venues are moving towards using 'rich media' in online versions of papers; videos, 282 3D PDF, and embedded 3D objects to name a few. While this practice should of course be 283 encouraged, we caution that such methods should be used as a supplement to presenting 3D data in 284 the manuscript as figures, and not a replacement. We also argue that such means of presentation 285
are not a substitute for providing the actual data as supplementary files, as we discuss below. 286
Summary
287
• Tracks and traces should be presented as photo (or 'true colour' image) and heightmap (or 288 other 'false colour' image), side-by-side, in the same orientation. 289
• These may be supplemented with interpretive line drawings. 290
• Oblique views should be used to reveal otherwise occluded features, or to better convey 3D 291 morphology. 292
• In addition to scale bars and labels, a colour scale should ideally be included in the figure, or 293 at least described in the figure caption. 294
• We do not recommend any specific colour scale. 295
• Videos, 3D PDFs, and embedded objects should be considered supplementary to the above, 296
but not as a replacement for providing usable 3D data. 297 298
Standard methods 3: Data archiving
299
Possibly the most crucial part of our protocol is in archiving the collected data in a way that enables 300 other researchers to work with it. It is a core part of the scientific method that experiments should 301 be repeatable and testable. It is imperative, therefore, that 3D data collected in the study of tracks 302 and traces adheres to the guiding principles currently being more broadly applied in palaeontology 303 (Davies et al. 2017 ). Here, we outline archival principles that we hope will become standard practice 304 in ichnology. 305
Any publication using 3D data should ideally make that data available at the time of publication. 306
Indeed, this is now widely a fundamental criterion for publication in many peer-reviewed scientific 307 journals anyway (Davies et al., 2017) , and can similarly be a requirement for many funding agencies 308 or government bodies. If data upon which descriptions or measurements are based are not made 309 available, conclusions cannot be verified by other researchers. One may argue that repeatability 310 exists on some level in so much as another worker may visit the field site or museum where the 311 original fossil exists. But this line of thinking is flawed in two ways: First is that in the case of tracks 312 and traces left in the field, the fossils are subject to change through weathering, and erosion, etc., 313 and therefore no longer exist in the form in which they were described. It may also be the case that 314 fossil traces are found on private land, or are potentially vulnerable to being stolen, vandalized, or 315 destroyed; in these cases and others, publishing specific locality information may not be feasible. 316
The second is that in an age where we can transfer gigabytes (even terabytes) of data with relative 317 ease, and view 3D data at our desks, we should do so in favour of requiring other researchers to 318 travel the globe. Of course, visiting specimens first hand is always preferable, but in many cases time 319 or financial constraints make this difficult or impossible. 320
It is important that when the digital data is made available, it is archived in such a way as to ensure 321 that it will continue to be available, and discoverable, for the foreseeable future. The most obvious 322 way of doing so is to include the data as supplementary files to the manuscript itself. In this case, the 323 data will be available and discoverable for as long as the paper itself is. However, we recognise that 324 many journals have limits (or costs) related to the possible size of supplemental data, which may 325 make hosting gigabytes of data with the publisher difficult. Books pose a different problem; 326 including disks increases publishing costs and limits data availability, not to mention that disks are 327 frequently lost and that the age of compatibility with CDs, DVDs, and other physical media is likely 328 limited. We therefore suggest that when archiving is not possible with the publisher, that an open 329 repository such as Figshare (www.figshare.com), Zenodo (https://zenodo.org/), or similar is used, 330 and the data linked directly from the published work (journal article, book, or online resource). Both 331 of the above repositories are backed by major institutions and journals, and ensure the data is 332 available for the lifetime of the repository (currently at 10 and 20 years respectively. These services 333 provide free hosting for large files, and can allocate DOIs which, if data is uploaded prior to 334 publication, can be linked to from the paper, book, or other work (note that these services can allow 335 workers to upload data and reserve a DOI, but not make the data publicly available until the 336 associated work is published). Several authors have already utilized such a system for archiving data 337 with these repositories and linking to it in the paper Lomax et al. 2017; 338 Lallensack et al. 2016) . Using these services, rather than institutional or personal servers, ensures 339 long-term access and discoverability, which in turn will help to drive citations of associated works. 340
Having made the case that data should be archived, let us address exactly what that data should be, 341 both in terms of content, and format. 342
Content and raw data 343
The most important data to archive is the data upon which any descriptions or conclusions are 344 based. Generally, this will consist of cleaned and aligned 3D models that enable other researchers to 345 replicate the original findings. 346
However, we acknowledge that processed data may introduce inaccuracies or discrepancies. For 347 instance, when meshing point cloud data, the process will generally involve a level of interpolation 348 and retopologizing. Also, the scaling process inherent in most photogrammetry workflows may be a 349 source of error if not carried out correctly. 350
Because of this, it is essential that where possible, raw data (captured laser scans, or photographs 351 used in photogrammetry) and any metadata (e.g. auto-generated 3D reconstruction reports) are 352 included with data. Especially for photogrammetry, this has the added benefit of making raw data 353 available in the future when software and workflows are inevitably improved, potentially making 354 more accurate or higher resolution models available down the line. and can generally be accessed using any 3D software. Colour information can be stored either 360 directly, associated with each vertex (as in PLY or XYZ), or as a separate texture file. Given that 361 digital storage capacity is continuously increasing (Kryder's law), we recommend against 362 downsampling data unless absolutely necessary. Whilst large files of several gigabytes may be 363 unwieldy now, in only a few years we will see them as inconsequential; consider how large a file of 364 several 10s of megabytes seemed in the mid 1990's. Formats that do not allow easy manipulation or 365 extraction of the data, such as 3D PDFs should not be used as a means of making data available. 366
Photographs are best stored in the original format in which they were taken; usually JPG. RAW or 367 TIFF files may also be stored, as unlike JPGs they are lossless formats. However, because of this RAW 368 and TIFF files are considerably larger, and consequently many people do not shoot or use 369 photographs in these formats. When archiving, we recommend storing the original JPG (or other) 370 files within a zip folder. The original files will contain EXIF data regarding the camera make, lens, and 371 settings that may be useful in future analyses, particularly in photogrammetric techniques where 372 such EXIF data can make the difference between a great reconstruction and a failed one. 373
When raw data is collected in a proprietary format, for instance when using LiDAR Summary 380
• 3D data should be made freely available at the time of publication. 381
• The data should be archived with a digital object identifier (DOI), and permanently 382 associated with the publication as supplemental data, hosted either by the publisher, or by 383 an external, public, repository. 384
• Going forward, we hope that the field as a whole will be receptive to the primary aspects of our 402
proposal; that tracks should be digitally recorded; that the 3D data should be used in communication 403
and analyses; and that said data be made available with the associated work at the time of 404 publication. While 3D data collection and availability are important to all aspects of ichnology, we 405 note that it is particularly essential when new ichnotaxa are being erected (Belvedere, et al. 2018) . 406
Undoubtedly there shall be nuanced or outlier cases where some aspect of the above is not feasible, 407
and when such cases occur, we implore authors to explicitly state why 3D data was not collected, 408 presented, or made available. The result will, hopefully, be that our science becomes 409 simultaneously more robust, and more accessible over time. 410
We consider a bare minimum of our protocol to be the collection of 3D data of individual tracks of 411 interest, especially in the case of type specimens. Larger scale 3D data, such as that pertaining to 412 whole tracksites, is currently more difficult to obtain, process, and archive, and it is understandable 413 that including such data is not always feasible. Still, we hope that colleagues will make every effort 414 to include such data when they can, particularly when conclusions and interpretations are drawn 415 from larger scale features such as trackway parameters. 416
What we have not covered is how all of this data we encourage generating and archiving will be 417 discoverable. A number of us have in the past considered an online repository specifically for 418 digitized tracks (Belvedere et al. unpub Ply file, texture file, and 3D PDF of tracks.
10.6084/m9.figshare.c.2133546 (Milàn and Bromley 2008) Photos and models of emu track and undertrack in cement. 
